ABSTRACT Calcium stimulated the phosphorylation of several specific synaptosomal cytosolic proteins. The effects of calcium were both concentration and time dependent and were most apparent for proteins with molecular weights of 50,000, 55,000, and 60,000. Exogenous calcium (1.0-100 ,M) enhanced the net incorporation of phosphate into protein by as much as 23-fold. In (5), and synaptosomal lysates (6) . Evidence indicates that the calcium-dependent phosphorylation of synaptic plasma membranes (2) and synaptic vesicles (3) requires the heat-stable calcium-binding protein, calmodulin. Thus, the effect of calcium on the phosphorylation of specific proteins present in these fractions may be mediated through one or more protein kinases that require calmodulin as a coenzyme. The calcium-and calmodulin-activated kinases present in these particulate fractions have not been purified. Specific calcium-regulated protein kinases have been identified in neuronal cytosol (7, 8) . However, the endogenous cytosolic substrates for these kinases have not been characterized and a role for calmodulin in the regulation of these cytosolic enzymes has yet to be established.
the net incorporation of phosphate into protein by as much as 23- fold. In the absence of added calcium, the calcium chelator [ethylenebis(oxyethylenenitrilo)Jtetraacetic acid did not lower the phosphorylation of any protein below control levels. The antipsychotic, fluphenazine (1.0-100 AM), caused a concentration-dependent decrease in calcium-stimulated protein phosphorylation. When the heat-stable calcium-binding protein, calmodulin, was removed from synaptosomal cytosol by affinity chromatography on fluphenazine-Sepharose, calcium-stimulated protein phosphorylation was abolished. Responsiveness to calcium could be restored by the addition of calmodulin to the phosphorylation assay. These results indicate that calcium-dependent protein kinases are of major importance in regulating the phosphorylation of specific cytosolic proteins in neuronal tissue. Furthermore, it would appear that one of the three substrates under investigation is specific to synaptosomal cytosol whereas the other two are present in both the cytosol and membrane fractions.
Calcium ion regulates the endogenous phosphorylation of specific proteins found in several particulate fractions of neuronal tissue, including synaptic plasma membranes (1, 2) , synaptic vesicles (3), cortical slices (4), synaptosomes (5) , and synaptosomal lysates (6) . Evidence indicates that the calcium-dependent phosphorylation of synaptic plasma membranes (2) and synaptic vesicles (3) requires the heat-stable calcium-binding protein, calmodulin. Thus, the effect of calcium on the phosphorylation of specific proteins present in these fractions may be mediated through one or more protein kinases that require calmodulin as a coenzyme. The calcium-and calmodulin-activated kinases present in these particulate fractions have not been purified. Specific calcium-regulated protein kinases have been identified in neuronal cytosol (7, 8) . However, the endogenous cytosolic substrates for these kinases have not been characterized and a role for calmodulin in the regulation of these cytosolic enzymes has yet to be established.
In the present report, we present evidence that calcium regulates the phosphorylation of several specific synaptosomal cytosolic proteins, an effect that was found to be dependent on the presence of calmodulin. Ci/mmol); 1 Ci = 3.7 X 101 becquerels) was purchased from New England Nuclear.
The subjects were male Wistar rats (Charles River Laboratories, Wilmington, MA) weighing 150-200 g. Because the rat striatum is a rich source of synaptosomes and contains a high concentration of soluble calmodulin (9) , it was used as the sole source of synaptic membranes and synaptosomal cytosol.
Calmodulin was prepared from rat striatum or whole rat brain (lacking the cerebellum) by affinity chromatography on a fluphenazine-Sepharose matrix. Fluphenazine was covalently coupled to Sepharose 4B by the bisoxirane technique (10) as described (11) . Brain extracts were prepared by homogenization in 3 vol of 50 mM Hepes, pH 7.0/0.5 M NaCI/5 mM CaCl2. A supernatant fraction was obtained from the homogenate by centrifugation at 100,000 X g for 30 min. This supernatant was heated for 5 min in a boiling water bath. A second supernatant was then prepared by centrifugation (100,000 X g, 30 min) to remove the precipitated proteins. For chromatography, the heated supernatant fraction was placed onto a 1.0 X 20 cm fluphenazine-Sepharose column that had been equilibrated with a column buffer (10 mM Hepes, pH 7.0/0.5 mM CaCl2).
The column was washed with column buffer containing 300 mM NaCl, and calmodulin was subsequently eluted with 10 mM Tris-HCl, pH 8.0/10 mM EGTA. EGTA was removed from the calmodulin-rich eluate by exhaustive dialysis against 5 mM CaC12. Calmodulin obtained in this manner appeared as a single band in NaDodSO4/polyacrylamide gels and comigrated with purified calmodulin prepared by the method of Klee (12) . The presence of calmodulin in the EGTA eluate was also verified by the assay procedure described by Schulman and Greengard (2) .
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 (Fig. 3) it is apparent that the net incorporation of phosphate into protein in the presence of calcium (50 MM) followed a gradual increase over a period of minutes with a gradual decline to nearly control levels within 2 hr. However, the net increase and decrease in the phosphorylation of the p50, p55, and p60 protein bands did not follow an identical time course. This is apparent from the autoradiographs (Fig. 3) and was confirmed by microdensitometry (Fig. 4) . The patterns of phosphorylation and dephosphorylation for the p50, p55, and p60 bands could be distinguished from each other based on differences in both the rate of incorporation of phosphate and the rate of its removal. When the data were expressed as a percentage of the phosphorylation observed in the presence of calcium, the maximal incorporation of phosphate into protein was at an incubation time of 1 min (Fig. 4) . In the absence of calcium the net incorporation of phosphate reached a peak for the three proteins between 2 and 5 min of incubation. This pattern of phosphorylation differs from that observed in the presence of calcium and was found to be insensitive to EGTA at all time points. Additionally, the maximal incorporation of phosphate in the presence of EGTA amounted to no more than 20% of the maximal phosphorylation observed in the presence of calcium.
Effect of Fluphenazine in Vitro on Calcium-Regulated Phosphorylation. A variety of neuroleptic agents bind to calmodulin in vitro (16) . Of these agents, the phenothiazine antipsychotics are among those that show the highest binding affinities (16) . Therefore, in order to examine the role of calmodulin in the calcium-regulated phosphorylation of synaptosomal cytosolic proteins, we added a phenothiazine antipsychotic, fluphenazine, to the standard assay. Autoradiographs from these experiments are shown in Fig. 5, lanes 1-7; The net incorporation of phosphate into specific proteins was quantified from the densitometric scans of the autoradiographs and is expressed in arbitrary units of density. * and o, p60 band; A and A, p55 band; 0 and 0, p50 band.
decrease in the phosphorylation of the cytosol proteins. In the presence of as little as 25 ,gM fluphenazine, the calcium-stimulated phosphorylation of the p50, p55, and p60 bands was reduced to levels equal to those observed in the absence of calcium. When fluphenazine (100 ,M) was added to the standard assay in the absence of calcium, it had no effect on the phosphorylation of any protein (data not shown). Fluphenazine-Sepharose Chromatography. The calmodulin dependence for calcium-regulated phosphorylation of synaptosomal cytosol was further substantiated by chromatography of the cytosol over an affinity column of fluphenazine-Sepharose 4B. This technique was shown to effectively remove endogenous calmodulin from the synaptosomal cytosol based on the following lines of evidence: (i) when synaptosomal cytosol proteins were subjected to gel electrophoresis both before and after affinity chromatography, a comparison of the resulting electrophoretic profiles revealed that a protein corresponding to the electrophoretic mobility of authentic calmodulin was missing from the chromatographed cytosol; (ii) subsequent washing of the column with EGTA eluted a protein whose electrophoretic mobility and biological activity (assayed as described) (2) were identical to those of native calmodulin; and (iii) when the chromatographed cytosol was treated with heat and assayed for the presence of calmodulin, no activity was observed. That calmodulin was required for the calciumstimulated phosphorylation of synaptosomal cytosol is evident from the autoradiographs in Fig. 5 . When the chromatographed cytosol was assayed for phosphorylation in the presence of calcium, the levels of phosphorylation could not be distinguished from those observed in the absence of calcium (Fig. 5,  compare lanes 7 and 8) . However, phosphorylation could be restored to control levels by the addition of calmodulin (0.5 ug) to the chromatographed cytosol (Fig. 5, (Fig. 7) . As has been reported (2), the addition of calcium to the membranes did not alter the pattern of phosphorylation. When calmodulin was added to the assay, it resulted in a calcium-dependent phosphorylation of several membrane proteins as previously described (2) . Several calcium-and calmodulin-regulated phosphoproteins from synaptic plasma membranes had electrophoretic mobilities that matched those observed for synaptosomal cytosol. The phosphoproteins common to both membrane and cytosol fractions included bands with apparent Mr of 50,000 and 60,000; however, the p55 band observed in synaptosomal cytosol was not observed in synaptic plasma membranes at incubation times of up to 2 hr. In the presence of calcium and calmodulin, maximal phosphorylation of the membrane proteins was reached within 15 see instead of the 60 see required for maximal incorporation of phosphate into cytosol proteins. 
DISCUSSION
We have demonstrated that calcium regulates the phosphorylation of specific synaptosomal cytosolic proteins from rat striatum and that this effect has an absolute requirement for the heat-stable calcium-binding protein, calmodulin. The effects of calcium on phosphorylation were large in magnitude and both time and concentration dependent. Findings similar to these have been reported previously for the regulation of the phosphorylation of synaptic plasma membranes (2) and synaptic vesicles (3) . Additionally, while the present work was in progress, Yamauchi and Fujisawa (16) reported that the phosphorylation of whole-brain cytosol was calcium dependent and could be influenced by the addition of calmodulin. Thus, our observations serve as one more example of the expanding number of biochemical reactions that are regulated by calmodulin. Levin and Weiss (17) have demonstrated that a number of antipsychotic drugs bind to calmodulin with high affinity in a calcium-dependent fashion. In the present investigation, we used the phenothiazine antipsychotic, fluphenazine, in an attempt to demonstrate that calmodulin was required for the calcium-regulated phosphorylation of synaptosomal cytosolic proteins. Two approaches were chosen. In the first, fluphenazine was added to the phosphorylation assay to serve as a calmodulin-specific antagonist of the phosphorylation reaction. In the second, fluphenazine was linked to a Sepharose matrix in order to extract calmodulin from synaptosomal cytosol. We have previously shown this technique to be effective in removing calmodulin from brain extracts (18) . Fluphenazine in vitro proved to be completely effective in antagonizing the effects of calcium on phosphorylation, and fluphenazineSepharose, which removed calmodulin from synaptosomal cytosoL resulted in a loss of calcium-stimulated phosphorylation.
Exogenous calmodulin added to synaptosomal cytosol after fluphenazine-Sepharose chromatography restored the effects of calcium on phosphorylation, suggesting that fluphenazine does indeed block calcium-regulated phosphorylation by binding to endogenous calmodulin. The results of the studies using fluphenazine, combined with the ability of EGTA to block calcium-stimulated phosphorylation, satisfy most of the criteria for calmodulin-regulated reactions that have been proposed by Cheung (19) . The approximate steady-state levels of calcium in the "resting" cell are 10-100 nM (20) . Under these conditions, all intracellular calmodulin would be present in the biologically inactive calcium-free form (21) . In the present study, calcium stimulated the phosphorylation of specific cytosol proteins only at a concentration of 1 ,gM and above. These values encompass those associated with the soluble compartment of "excited" cells (20) and are consistent with those that might be encountered intraneuronally during the development of a presynaptic calcium current after neuronal depolarization (22) . The dissociation constants reported for calcium's binding to calmodulin (20, 21) (23, 24) and can be regulated in a calcium-dependent (24, 25) or even a calmodulin-dependent (18, 26) manner.
Of the several synaptosomal cytosolic proteins that were phosphorylated in the presence of calcium, three proteins, designated the p50, p55, and p60 bands, were the most highly phosphorylated. The magnitude of the incorporation of phosphate into these proteins in response to the addition of calcium reached levels between 15 and 23 times those of control. These values were in sharp contrast to the small (2-fold) cAMP-induced increases in the phosphorylation of a specific cytosolic protein (data not shown) and were much greater than the 3-to 6-fold increases in the phosphorylation of specific synaptic membrane substrates that have been observed in the presence of cAMP (27) . The gradual return to control levels of phosphorylation for the p50, p55, and p60 bands was indicative of the presence of endogenous phosphatases, which in vio would be expected to limit the extent and duration of the phosphorylation reactions. The distinct time-effect relationships for the phosphorylation of the p50, p55, and p60 bands may reflect differences in substrate specificity for either protein kinases or phosphatases. However, the net incorporation of phosphate into any of the soluble substrates that we have detected may be a function not only of the activities of particular kinases or phosphatases (or both) but also of the endogenous inhibitors (28, 29) that affect these enzyme systems. Furthermore, because the determinants of substrate specificity for protein kinases may reside in elements of both primary structure (30) and conformational flexibility (31), the isolation and chemical and physical characterization of each phosphoprotein substrate would seem to be prerequisite for the clarification of the role of these proteins in neuronal function.
With respect to only the p50 and p60 bands, phosphoproteins with similar electrophoretic mobilities have been observed in preparations of synaptic vesicles (3) and synaptic plasma membranes (2) (see Fig. 4 ). Calcium and calmodulin also appear to be required for the phosphorylation of these proteins (2 
